Abstract. Mammalian fertilization requires sperm to penetrate the cumulus to reach the oocyte. Although sperm hyaluronidase has long been believed to participate in the penetration process, our previous works revealed that neither of two sperm hyaluronidases, SPAM1 and HYAL5, are essential for fertilization. In this study, we have produced doubleknockout mice lacking SPAM1 and either one of two sperm serine proteases, ACR and PRSS21, and characterized the mutant sperm. The SPAM1/ACR-and SPAM1/PRSS21-deficient males were fertile, whereas epididymal sperm of the mutant mice exhibited a reduced capacity to fertilize the oocytes in vitro. Despite normal motility, the ability of sperm to traverse the cumulus matrix was more severely impaired by the loss of SPAM1 and ACR or SPAM1 and PRSS21 than by the loss of only SPAM1. Moreover, SPAM1/ACR-and SPAM1/PRSS21-deficient sperm accumulated on the surface (outer edge) of the cumulus more abundantly than SPAM1-deficient sperm. These results suggest that ACR or PRSS21 or both may function cooperatively with SPAM1 in sperm/cumulus penetration. Key words: Cumulus, Hyaluronidase, Mouse, Sperm, Serine protease (J. Reprod. Dev. 58: [330][331][332][333][334][335][336][337] 2012) M ammalian fertilization involves a multistep set of physiological events, including sperm interaction with the cumulus matrix and zona pellucida (ZP) in the oocyte-cumulus complex (OCC) [1] [2] [3] [4] [5] [6] . According to a currently favored model [1, 2, 7, 8] , only capacitated sperm enter the OCC, traverse the cumulus matrix and reach the oocyte ZP. Following binding of sperm to the ZP, the sperm undergo the acrosome reaction. As a consequence of the exocytotic event, the acrosomal components, including hydrolytic enzymes, are released from the acrosome to enable the sperm to penetrate the ZP. Sperm hyaluronidases and serine proteases are thought to play important roles in the fertilization events.
M
ammalian fertilization involves a multistep set of physiological events, including sperm interaction with the cumulus matrix and zona pellucida (ZP) in the oocyte-cumulus complex (OCC) [1] [2] [3] [4] [5] [6] . According to a currently favored model [1, 2, 7, 8] , only capacitated sperm enter the OCC, traverse the cumulus matrix and reach the oocyte ZP. Following binding of sperm to the ZP, the sperm undergo the acrosome reaction. As a consequence of the exocytotic event, the acrosomal components, including hydrolytic enzymes, are released from the acrosome to enable the sperm to penetrate the ZP. Sperm hyaluronidases and serine proteases are thought to play important roles in the fertilization events.
Mouse epididymal sperm contain at least two hyaluronidases, SPAM1 (PH20) [9] and HYAL5 [10] , and two serine proteases, ACR (acrosin) [11] and PRSS21 (testisin/TESP5) [12] . SPAM1 is glycosylphosphatidylinositol (GPI) anchored only on the plasma membrane of sperm, and acrosome-reacted sperm still retain approximately half of total SPAM1 [10, 13] . HYAL5, on the other hand, is localized on the plasma and acrosomal membranes of acrosome-intact sperm and is mostly released from the sperm membranes during the acrosome reaction [10] . ACR is present in the acrosome as a matrix protein, whereas the sperm membrane contains PRSS21 as a GPI-anchored protein [11, 12] . Contrary to early expectation, single-knockout mice lacking SPAM1 (Spam1 -/-) [13] , HYAL5 (Hyal5 -/-) [14] , ACR (Acr -/-) [15] or PRSS21 (Prss21 -/-) [16] were all fully fertile. Despite the male fertility, in vitro fertilization (IVF) assays demonstrated delayed penetration of Spam1 -/-and Acr -/-epididymal sperm through the cumulus matrix and ZP, respectively [13] [14] [15] . The Prss21 -/-sperm also exhibited multiple defects in the sperm functions in vitro [16] . The function of Hyal5 -/-sperm, however, was comparable to wild-type sperm [14] . Thus, the respective activity of SPAM1, ACR and PRSS21 is still important for fertilization in vitro but not essential in vivo in the mouse. The loss of sperm function in the above single-knockout mice may be compensated for by other proteins present in sperm and/or in the female reproductive tract.
We previously showed that in addition to delayed penetration of the cumulus matrix, Spam1 -/-epididymal sperm exhibit dramatically increased accumulation on the surface (outer edge) of the OCC [13, 14] . Interestingly, in the presence of a synthetic trypsin inhibitor, p-aminobenzamidine sensitive to ACR and PRSS21 [12] , epididymal sperm were barely capable of entering the OCC and penetrating the cumulus matrix, resulting in the failure to fertilize oocytes [14, 17, 18] . Acr -/-/Prss21 -/-double-knockout sperm indeed share functional similarity with Spam1 -/-sperm; the Acr -/-/Prss21 -/-sperm display a delay in cumulus cell dispersal and cumulus penetration, although the number of mutant sperm accumulated on the OCC surface is similar to that of wild-type sperm [18] . On the basis of these findings, we speculated that ACR or PRSS21 or both may participate in sperm passage of the cumulus matrix, possibly in cooperation with SPAM1, and may not be mainly involved in sperm accumulation on the OCC surface. In this study, to explore the above-mentioned possibilities, we produced Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-double-knockout mice and characterized the mutant sperm.
Materials and Methods

Animal experiments
All animal experiments were carried out ethically according to the Guide for the Care and Use of Laboratory Animals at the University of Tsukuba.
Generation of SPAM1/ACR and SPAM1/PRSS21 doubledeficient mice
Spam1 -/-, Acr -/-, and Prss21 -/-mice were generated as described previously [13, 15, 16] , backcrossed to ICR mice (Japan SLC, Shizuoka, Japan) and maintained in our laboratory. Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-mice were obtained by crossbreeding of Spam1 -/-and Acr -/-or Prss21 -/-mice and then by brother-sister mating of the F1 offspring. Mice were genotyped for Spam1, Acr and Prss21 null mutations by polymerase chain reaction (PCR) analysis of tail DNAs using the following sets of primers: Spam1, 5'-GGTATTCAG-AGGTACGATCAG-3' and 5'-TTGAAGTCCAATCGACCAGCT-3'; Spam1 mutation, 5'-TCGTGCTTTACGGTATCGCCGGC-TCCCCGATT-3' and 5'-TTGAAGTCCAATCGACCAGCT-3'; Acr, 5'-GGGAATTCGCCACCATGGGTCCTCCCCAAATACCCCAC-3' and 5'-TGGGTTCTACTTCAGCTCAG-3'; Acr mutation, 5'-TTC-TATCGCCTTCTTGACGAGTTCT-3' and 5'-TGGGTTCTACTT-CAGCTCAG-3'; Prss21, 5'-ATAGTGGGTGGCGATGATGCTG-3' and 5'-GCACTGAGTGAAGAAGCAGAAGA-3'; and Prss21 m u t a t i o n , 5'-T C G C C T T C T T G AC G AG T T C T-3' a n d 5'-GCACTGAGTGAAGAAGCAGAAGA-3'.
Antibodies
Polyclonal antibodies against ACR [19] , PRSS21 [12] , ADAM1B [20] , ADAM3 [21] , SPAM1 [13] and HYAL5 [10] were prepared as described previously. Anti-IZUMO1 antibody [22] was generously provided by Dr M Okabe. Rat monoclonal antibody against mouse ZP2 (IE-3, SC-32752) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish peroxidase-conjugated goat antibodies against rabbit IgG (H + L) were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Alexa Fluor 488-conjugated goat antibody against rat IgG was purchased from Molecular Probes (Eugene, OR, USA).
SDS-PAGE and immunoblot analysis
Fresh cauda epididymal sperm of mice (3-5 months old) were collected in TYH medium [23] free of bovine serum albumin (BSA), washed with phosphate-buffered saline (PBS) by centrifugation at 800 × g for 10 min and extracted in 20 mM Tris/HCl, pH 7.5, containing 1% Triton X-100, 0.15 M NaCl and 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) on ice for 6 h [18] . After centrifugation at 13,000 × g for 10 min, the supernatant solution was boiled for 5 min in the presence of 1% SDS and 1% 2-mercaptoethanol. The denatured proteins (5 μg) were separated by SDS-PAGE and transferred onto Immobilon-P membranes (Millipore, Billerica, MA, USA). The blots were blocked with 3% skim milk, incubated with primary antibodies and then reacted with horseradish peroxidase-conjugated secondary antibodies. Immunoreactive proteins were detected by an ECL Western blotting detection kit (GE Healthcare, Piscataway, NJ, USA). Protein concentration was determined using a Coomassie protein assay reagent kit (Pierce, Rockford, IL, USA).
Morphological analysis
Cauda epididymal sperm were dispersed in a 0.2-ml drop of TYH medium free of BSA for 10 min and capacitated by incubation for 2 h in a 0.2-ml drop of TYH medium containing Hoechst 33342 (2.5 μg/ml; Molecular Probes) and MitoTracker Green FM (2.7 μg/ml; Molecular Probes) at 37 C under 5% CO 2 in air [18] . The sperm samples were incubated with Alexa Fluor 568-conjugated peanut lectin PNA (3 μg/ml; Molecular Probes) on ice for 1 h, washed with PBS and then viewed under an IX71 fluorescence microscope (Olympus, Tokyo, Japan).
Hyaluronan zymography
Proteins (1 μg) exhibiting hyaluronan-degrading activity in the above Triton X-100-solubilized extracts were visualized by SDS-PAGE in the presence of 0.01% rooster comb hyaluronan (SigmaAldrich, St. Louis, MO, USA) under nonreducing conditions, as described previously [24] . After electrophoresis, gels were washed with 50 mM sodium acetate buffer, pH 6.0, containing 0.15 M NaCl and 3% Triton X-100 at room temperature for 2 h to remove SDS and then incubated in the same buffer free of Triton X-100 at 37 C overnight. The hyaluronan-degrading proteins were detected as transparent bands against a blue background by staining the gels with 0.5% Alcian Blue 8 GX and 0.25% Coomassie Brilliant Blue R250 (Sigma-Aldrich).
Measurement of protease activity
Cauda epididymal sperm in TYH medium free of BSA were extracted in 20 mM Tris/HCl (pH 7.5) containing 1% Triton X-100, 0.15 M NaCl and 5 mM p-aminobenzamidine (Sigma-Aldrich) on ice for 2 h and centrifuged at 10,000 × g for 10 min at 4 C. The supernatant solution was dialyzed against 1 mM HCl to remove p-aminobenzamidine. Enzyme activity was measured using tbutyloxycarbonyl (Boc)-Phe-Ser-Arg-4-methylcoumaryl-7-amide (MCA), Boc-Leu-Thr-Arg-MCA and N-succinyl (Suc)-Leu-LeuVal-Tyr-MCA (Peptide Institute, Osaka, Japan) as substrates, as described previously [18] . The reaction mixture (0.5 ml) consisted of 50 mM Tris/HCl (pH 8.0), 10 mM CaCl 2 , 40 μM substrate and an appropriate amount of sperm extracts. Following incubation at 30 C for 30 min, the reaction was terminated by addition of 0.1 M sodium acetate buffer, pH 4.3 (1.5 ml). The amount of 7-amino-4-methylcoumarin released was fluorometrically measured with excitation at 380 nm and emission at 460 nm using a VersaFluor fluorometer (Bio-Rad Laboratories, Hercules, CA, USA).
Computer-assisted semen analysis (CASA)
Parameters of sperm motility were quantified by CASA using an integrated visual optical system (IVOS) software (Hamilton Thorne Biosciences, Beverly, MA, USA). Briefly, cauda epididymal sperm of mice (3-5 months old) were capacitated by incubation for 2 h in a 0.1-ml drop of TYH medium at 37 C under 5% CO 2 in air. An aliquot of the capacitated sperm suspension was transferred into a prewarmed counting chamber (depth=20 μm), and more than 200 sperm were examined for each sample using standard settings (30 frames acquired at a frame rate of 60 Hz at 37 C), as described previously [18, 25] . Hyperactivated motility of sperm was determined by using the SORT function of the IVOS software. Sperm were classified as "hyperactivated" when the trajectory met the following criteria: curvilinear velocity (VCL) ≥ 180 µm/sec, linearity (LIN) ≤ 38% and amplitude of lateral head displacement (ALH) ≥ 9.5 µm.
IVF assay
ICR mice (8-10 weeks old; Japan SLC) were superovulated by intraperitoneal injection of pregnant mare's serum gonadotropin (5 units; ASKA Pharmaceutical, Tokyo, Japan) followed by human chorionic gonadotropin (5 units; ASKA Pharmaceutical) 48 h later. The OCCs containing metaphase II-arrested oocytes were obtained from the oviductal ampulla 14 h after injection of human chorionic gonadotropin and placed in a 90-μl drop of TYH medium covered with mineral oil. Cauda epididymal sperm of mice (3-5 months old) were capacitated by incubation in a 0.1-ml drop of TYH medium for 2 h at 37 C under 5% CO 2 in air. An aliquot (1.5 × 10 4 cells/10 μl) of the capacitated sperm suspension was mixed with the above 90-μl drop of TYH medium containing the OCCs to give a final concentration of 1.5 × 10 2 sperm/μl. The mixture (0.1 ml) was incubated at 37 C under 5% CO 2 in air. The fertilized oocytes were treated with bovine testicular hyaluronidase (350 units/ml; Sigma-Aldrich) for 10 min to remove cumulus cells, fixed in PBS containing 4% paraformaldehyde and 0.5% polyvinylpyrrolidone (PVP) and washed with PBS containing 0.5% PVP. The female and male pronuclei in the fertilized oocytes were stained with Hoechst 33342 (2.5 μg/ml) and then viewed under an IX71 fluorescence microscope, as described previously [16] .
Cumulus cell dispersal assay
The OCCs in a 90-μl TYH drop were mixed with capacitated epididymal sperm (1.5 × 10 4 sperm/10 μl). The mixture (0.1 ml) was incubated at 37 C under 5% CO 2 in air and then observed under an IX71 microscope, as described previously [14, 18] .
Sperm/cumulus penetration assay
Cauda epididymal sperm were incubated in a 0.2-ml drop of TYH medium containing Hoechst 33342 (2.5 μg/ml) for 10 min at 37 C, and then capacitated by incubation for 2 h in a 0.1-ml drop of TYH medium at 37 C under 5% CO 2 in air. An aliquot (0.5 or 1.5 × 10 4 sperm/10 μl) of the capacitated sperm suspension was mixed with the OCCs in a 90-μl TYH drop, and the mixture (0.1 ml) was incubated at 37 C under 5% CO 2 in air. The OCCs and sperm were transferred to a 0.1-ml drop of fresh TYH medium, fixed by addition of PBS (0.1 ml) containing 8% paraformaldehyde and 1% PVP for 15 min and washed with PBS containing 0.5% PVP. The oocyte ZP was stained with anti-ZP2 monoclonal antibody and Alexa Fluor 488-conjugated goat antibody against rat IgG. The OCC samples were lightly squashed, keeping a space of 80 μm between the glass slide and coverslip, and then observed under an IX71 fluorescence microscope, as described previously. Fluorescence images were captured as vertical sections (3-μm intervals) using a Z-axis motor (MAC5000, Ludl Electric Products, Hawthorne, NY, USA), processed by a MetaMorph software (Universal Imaging, Downingtown, PA, USA) and then stacked into one picture, as described previously [14, 24] .
Statistical analysis
Data are presented as mean values ± SE (n ≥ 3) unless otherwise stated. The Student's t-test was used for statistical analysis; significance was assumed for P<0.05.
Results
We produced mutant mice lacking both SPAM1 and ACR (Spam1 -/-/Acr -/-) or both SPAM1 and PRSS21 (Spam1 -/-/Prss21 -/-) by crossbreeding Spam1 -/-mice with Acr -/-or Prss21 -/-mice. The genotypes of wild-type (Spam1 +/+ , Acr +/+ or Prss21 +/+ ), heterozygous (Spam1 +/-, Acr +/-or Prss21 +/-) and homozygous (Spam1 -/-, Acr -/-or Prss21 -/-) mice for the mutations of Spam1, Acr and Prss21 were identified by PCR of tail genomic DNA (data not shown), as reported previously [13, 15, 16] . Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-male mice were fertile. Mating of the Spam1 -/-/Prss21 -/-males to wildtype females yielded litter sizes similar to those obtained with Spam1 +/-/Prss21 +/-males (14.2 ± 1.1 and 12.6 ± 0.6 offspring for 6 and 11 litters in Spam1 +/-/Prss21 +/-and Spam1 -/-/Prss21 -/-males, respectively). The Spam1 -/-/Acr -/-males had a slight reduction in litter size (9.0 ± 0.5 offspring for 16 litters) compared with the Spam1 +/-/Acr21 +/-males (13.6 ± 0.5 offspring for 10 litters). In addition, the Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-females exhibited normal fertility.
Morphological analysis indicated no significant difference in shape and size of epididymal sperm among wild-type, Spam1 -/-/ Acr -/-and Spam1 -/-/Prss21 -/-mice (data not shown). Immunoblotting of Triton X-100-solubilized protein extracts from Spam1 -/-/Acr -/-epididymal sperm verified the absence of SPAM1 and ACR (Fig. 1A) . Similarly, Spam1 -/-/Prss21 -/-epididymal sperm contained no SPAM1 and PRSS21. The levels of HYAL5, ADAM1B, ADAM3 and IZUMO1 in the wild-type sperm were comparable to those in the Spam1 -/-/ Acr -/-and Spam1 -/-/Prss21 -/-sperm, confirming that the mutant sperm normally contain these four proteins. The loss of SPAM1 in Spam1 -/-, Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-sperm was also verified by hyaluronan zymography (Fig. 1B) . When the serine protease activity was measured using synthetic substrates, the level of trypsin-like activity was very low only in Spam1 -/-/ Acr -/-sperm (Fig. 1C) . Spam1 -/-/Prss21 -/-sperm contained approximately half of the trypsin-like activity found in wild-type and Spam1 -/-sperm, while the level of chymotrypsin-like activity was negligibly low in all four sperm samples. Both the patterns of hyaluronan zymography and the levels of trypsin-like activity in Spam1 -/-/ Acr -/-and Spam1 -/-/Prss21 -/-sperm were essentially similar to those in Acr -/-and Prss21 -/-sperm, respectively (data not shown). Moreover, CASA of capacitated epididymal sperm indicated that all parameters, including those of progressive motility, rapid motility, average path velocity and amplitude of lateral head displacement, are similar among the wild-type, Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-mice (Table 1) . Thus, Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-epididymal sperm are normal in motility.
We next examined the functions of Spam1 -/-/Acr -/-and Spam1 -/-/ Prss21 -/-epididymal sperm in vitro (Fig. 1D) . IVF assays indicated that Spam1 -/-sperm exhibit a time delay in fertilizing the metaphase II-arrested oocytes, consistent with our previous data [13, 14] . Intriguingly, Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-sperm showed noticeably delayed fertilization; these mutant sperm barely fertilized the oocytes until 2 h after insemination. Even after the 6-h incubation, the fertilization rates of Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-sperm were less than 60 and 20%, respectively, which were both significantly lower than the values of the wild-type WT, wild-type; S/A or S/A DKO, Spam1 -/-/Acr -/-double-knockout; S/P or S/P DKO, Spam1 -/-/Prss21 -/-double-knockout. B: Hyaluronan zymography of sperm protein extracts. SDS-PAGE was carried out in the presence of hyaluronan under nonreducing conditions. The hyaluronan-degrading proteins were visualized by staining the gels with Alcian Blue and Coomassie Brilliant Blue. SPAM1 KO, Spam1 -/-single-knockout. C: Total trypsin-and chymotrypsin-like activities in sperm protein extracts. Epididymal sperm were extracted with Triton X-100, and the enzyme activity was measured using Boc-Phe-Ser-Arg-MCA (FSR), Boc-Leu-Thr-Arg-MCA (LTR) and Suc-Leu-Leu-Val-Tyr-MCA (LLVY) as substrates. The differences in the total activities between WT and S/A or S/P DKO sperm were significant when FSR (P<0.01) and LTR (P<0.02) were used. D: IVF assays. Capacitated WT, SPAM1 KO, S/A DKO and S/P DKO sperm were incubated for 1, 2 and 6 h with cumulus-intact oocytes (n=3). The IVF assays were carried out at a concentration of 150 sperm/μl. Numbers in parentheses indicate those of the oocytes examined. The differences in the fertilization rates at 1, 2 and 6 h after insemination are significant between WT and SPAM1 KO sperm (P<0.01) and between SPAM1 KO and S/A or S/P DKO sperm (P<0.001). To assess whether the loss of ACR or PRSS21, in addition to SPAM1, affects the process of successive dispersal of cumulus cells, we monitored the OCCs inseminated by epididymal sperm (Fig. 2) . When the OCCs were incubated in the absence of sperm, cumulus cells were gradually broken away from the OCCs, presumably due to cumulus matrix loosening [8] . The oocytes completely lost cumulus cells by 120 min after addition of wild-type sperm. Consistent with our previous observations [13, 14] , Spam1 -/-sperm exhibited delayed cumulus cell dispersal. Importantly, the dispersal was remarkably delayed in Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-sperm. Thus, the loss of SPAM1 and ACR or SPAM1 and PRSS21 results in the retention of cumulus cells in the OCC.
The cumulus matrix is thought to be loosened and disrupted by both hyaluronidase and motility of cumulus-penetrating sperm [1, 8] . The delays in cumulus cell dispersal and fertilization in Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-sperm ( Figs. 1 and 2 ) may be due to a diminished capability to enter the OCC and to penetrate the cumulus matrix because the motility of the mutant sperm is normal (Table 1) . To ascertain the possibility, epididymal sperm were labeled with Hoechst 33342, capacitated and incubated with OCCs at a concentration of 1.5 × 10 2 cells/μl. Sperm within the cumulus matrix and on the oocyte ZP were counted 15 and 30 min after insemination (Fig. 3) . Wild-type sperm readily entered the OCC, penetrated the cumulus matrix and reached the ZP surface. As demonstrated previously [14] , the numbers of Spam1 -/-sperm in the cumulus matrix and on the ZP were significantly smaller than those of wild-type sperm. Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-sperm were barely found on the ZP surface at the 15-min stage. At the 30-min stage, the numbers of mutant sperm in the cumulus matrix and on the ZP increased but were still significantly smaller than those of Spam1 -/-sperm. These data suggest the involvement of ACR and PRSS21, in addition to SPAM1, in sperm penetration through the cumulus matrix.
Spam1 -/-sperm are known to noticeably accumulate on the surface of OCC [13, 14] . We thus tested accumulation of sperm on the OCC surface at a reduced concentration of sperm (0.5 × 10 2 cells/μl) because a large number of Spam1 -/-sperm accumulated on the OCC surface under the above experimental conditions (Fig. 3) . The numbers of Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-sperm on the OCC surface were significantly greater than that of Spam1 -/-sperm (Fig. 4) . Consistent with the data obtained at the sperm concentration of 1.5 × 10 2 cells/μl (Fig. 3) , the abilities of Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-sperm to traverse the cumulus matrix were more severely impaired than those of the wild-type and Spam1 -/-sperm.
Discussion
Despite normal male fertility, Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-epididymal sperm show a reduced ability to fertilize oocytes in vitro (Fig. 1D) . Notably, the IVF rate of Spam1 -/-/Prss21 -/-sperm is only 20% 6 h after insemination. We have previously demonstrated that epididymal sperm of Acr -/-/Prss21 -/-double-knockout mice exhibiting male subfertility completely failed to fertilize oocytes in vitro [18] . However, ejaculated sperm recovered from the uterus after mating possess the ability to fertilize oocytes, albeit at a low but significant level [18] . The infertility of Acr -/-/Prss21 -/-epididymal sperm in vitro is also rescued by artificial insemination into the uterus and by coincubation with uterine fluids (IVF rate = approximately 16%) [18] . In this study, we examined whether the reduced fertility of Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-epididymal sperm is recovered by addition of uterine fluids. The IVF rates of Spam1 -/-/Acr -/-and Spam1 -/-/Prss21 -/-sperm were increased by 1.2-(64.7 ± 5.1 to 76.0 ± 6.9%) and 2.1-fold (27.0 ± 9.5 to 56.8 ± 8.0%) in the presence of uterine fluids, respectively. Thus, the reason for the discrepancy between in vivo and in vitro fertility of Spam1 -/-/ Prss21 -/-sperm may be explained by the possibility that the TYH IVF medium [23] still lacks a fertility-enhancing factor(s) present in the female reproductive tract. It is also suggested that the uterine factor(s) may be relatively specific for PRSS21 GPI anchored on the sperm membrane because the IVF rate of Spam1 -/-/Acr -/-sperm is not remarkably enhanced even in the presence of uterine fluids. Indeed, uterine fluids are highly effective in Prss21 -/-(the increment in IVF rate = approximately 50%) [16] , Acr -/-/Prss21 -/- [18] and Spam1 -/-/Prss21 -/-sperm (this study).
As described above, double-knockout mouse sperm lacking ACR and PRSS21 exhibit significant delays in cumulus cell dispersal and in penetration through the cumulus matrix, in addition to failure to traverse the ZP [18] . Consequently, either one of these two serine proteases or both may contribute to sperm/cumulus penetration. In some experiments, we examined penetration of Acr -/-and Prss21 -/-epididymal sperm through the cumulus matrix 30 min after insemination. Prss21 -/-sperm were capable of normally penetrating the cumulus matrix (14.7 ± 1.5 and 13.5 ± 1.5 cells on the ZP surface for wild-type and Prss21 -/-sperm, respectively; P=0.11). No significant difference in the number of sperm within the cumulus matrix was also found between the wild-type (20.9 ± 1.7 cells) and Prss21 -/-sperm (19.7 ± 1.6 cells). Unexpectedly, Acr -/-sperm showed delayed penetration through the cumulus matrix (8.0 ± 1.3 cells on the ZP surface; P=0.007), although the sperm number within the cumulus matrix in Acr -/-sperm (19.2 ± 1.4 cells) was similar to that in wild-type sperm. Moreover, only Acr -/-sperm displayed a delay in cumulus cell dispersal (data not shown; details will be reported elsewhere). These results suggest that ACR by itself participates in sperm/cumulus penetration but that PRSS21 does not. Thus, Spam1 -/-/Acr -/-sperm may exhibit the combined phenotypes of Spam1 -/-and Acr -/-sperm in cumulus penetration. We also speculate a possible cooperative action of SPAM1 and PRSS21 on sperm/cumulus penetration because Spam1 -/-/Prss21 -/-sperm are functionally inferior to Spam1 -/-sperm (Figs. 2, 3 and 4) . Our data imply that ACR and SPAM1 individually participate in sperm/cumulus penetration. If so, sperm must be acrosome-reacted during cumulus penetration because ACR is localized only in the acrosome. This possibility appears incompatible with the currently favored model in which only capacitated, acrosome-intact sperm enter the cumulus, and the acrosome reaction occurs on the surface of ZP [8] . On the other hand, acrosome-reacted sperm have been reported to reach the ZP through the cumulus more successfully than do acrosome-intact sperm [26] . This finding is intriguing but seems to be simply inapplicable to our data, since the OCCs are briefly pretreated with a commercially available testicular hyaluronidase before insemination [26] . The timing of the acrosome reaction soon before or after sperm entry into the OCC, or possibly on the OCC surface, may be critical for sperm/cumulus penetration. Additional experiments using mutant sperm, including the Acr -/-and Spam1 -/-/Hyal5 -/-sperm, are required for further understanding of the entry and penetration events.
As stated above, the loss of SPAM1 results in a remarkably increased accumulation of sperm on the surface of the OCC [14] , suggesting a possible involvement of SPAM1 in the initial step of sperm entry into the OCC. This accumulation is likely to be independent of the sperm hyaluronan-degrading activity because the hyaluronidase inhibitor apigenin allows wild-type sperm to enter the OCC without significant accumulation [24] . Our unpublished data indicate that regardless of the presence or absence of apigenin, the accumulation of Spam1 -/-sperm on the OCC surface vanishes when SPAM1 highly purified from sperm extracts is exogenously added to an IVF drop containing the cumulus. One possible explanation for this data is that SPAM1 may possess an unknown enzyme activity specifically capable of degrading a component of the OCC surface. Mammalian testicular hyaluronidase is known to exhibit the ability to hydrolyze the chondroitin sulfate glycan chains [27] . Although the components of cumulus matrix, including hyaluronan, hyaluronan-binding proteins and proteoglycans, have been studied extensively [28] [29] [30] [31] , little attention has been given to the assembly structure of the OCC surface surrounding the oocytes, cumulus cells and cumulus matrix. In the mouse, the cumulus coat is stained well with Coomassie Brilliant Blue (R Yanagimachi, personal communication). It is interesting to suppose that efficient sperm entry into the cumulus may be required for hydrolysis of the cumulus coat, possibly first by SPAM1 and then by sperm protease(s). In this study, the accumulation of Spam1 -/-/ Acr -/-and Spam1 -/-/Prss21 -/-epididymal sperm on the OCC surface was approximately 1.4-fold greater than that of Spam1 -/-sperm (Fig.  4) . Although p-aminobenzamidine, as an inhibitor of ACR and PRSS21, interferes with sperm/cumulus penetration, sperm do not accumulate on the OCC surface [14] . Thus, neither ACR nor PRSS21 is responsible for the sperm accumulation singly. Rather, SPAM1-mediated sperm entry into the cumulus may be cooperatively facilitated by these two trypsin-like proteases. At any rate, to elucidate sperm entry into the cumulus, we need to uncover the interaction between sperm and the OCC surface.
